Thicknesses-dependent performances of metal-multilayered semiconductor junctions have attracted increasing attention, but till present, the mechanism of interaction and the resulting charge distribution at interfaces which control the Schottky barrier and band offset between the semiconductor layers have not been systematically studied. Based on first-principles calculations, the nature and strength of the non-bonding interactions at Metal-MoS 2 (M-S) and MoS 2 -MoS 2 (S-S) interfaces in metal-multilayered MoS 2 are investigated. We show that the charge distribution at M-S interfaces depends sensitively on the dimensionality and work function of metal substrates: 1) push back effect and metal induced gap states play a main role at 3D metal-MoS 2 interfaces; 2) charge transfer occurs in Mo 2 C(OH) 2 (or Mo 2 CO 2 )-MoS 2 interfaces which means electron distribution is determined by the band alignment of metal and MoS 2 ; 3) covalent-like feature appears at Mo 2 CF 2 -MoS 2 interface. The S-S interface inherit the charge redistribution at M-S interface for 2D metal-2L MoS 2 junction, and have a depinning effect for M-S interface in 3D metal-2L MoS 2 junction. We are trying to start drawing general conclusions and developing new concepts to understand metal-multilayered semiconductor interfaces in the strong interaction limit, where charge-transfer effects must be taken into consideration in this paper.
Introduction
Transition-metal dichalcogenides (TMDs) have been investigated in recent years as a potential semiconductor technology competitor for applications such as electronics [1] [2] [3] [4] [5] and optoelectronics [6] [7] [8] . MoS 2 is one of the representatives which shows strong optical absorption [9, 10] , and high on/off current ratio [11] . Monolayer MoS 2 has a direct band gap (∼1.8-1.9 eV), when van der Waals MoS 2 layer added, the layer number dependent bandgap turned from direct to indirect with band gap size decreases at the same time.
However, when contacting 2D MoS 2 to metal electrodes, unexpectedly high interface resistance is produced, which deiced the charge carrier transport behaviors across the junction and then significantly impact device performance [12] . The most important parameter for the interface resistance is the Schottky barrier height (SBH), which ideally depends on the energy level alignment of MoS 2 and metal for Schottky-Mott limit [13] . Realistically, there is a serious deviation between SBH and Schottky-Mott limit especially for MoS 2 absorbed on 3D metal electrodes which is because of the effect of strong Fermi level pinning (FLP) caused by metal induced gap states and the charge redistribution at interface even for a high-quality interface [14] . It's worth noting that 2D metal electrodes can effectively regulate SBH since the 2D metal weakly bonded to 2D semiconductors through van der Waals (vdW) force since the absence of dangling bonds [14, 15] . Although there has been a lot of research about metal-MoS 2 heterojunctions, a detailed interface study of 2D MoS 2 absorbed on 3D and 2D metal substrates is not yet available. What's more, although thicknesses-dependent performance in metal-multilayered semiconductor junctions have attracted increasing attention recently [16] [17] [18] , clear explanations about semiconductor interlayer interaction have not been reported till present.
Here, via first-principles calculations, we focus on Metal-MoS 2 (M-S) interface in Metal-1L MoS 2 and MoS 2 -MoS 2 (S-S) interface in Metal-2L MoS 2 , including 3D metal (e,g, Pt, Ag) and 2D metallic MXenes electrodes. In particular, for frequently-used 3D metal electrodes, a sizable n-type Schottky barriers (SB) often formed accompanied with a strong binding between metal and MoS 2 [19, 20] .
With modulated metal work function, 2D metal transition metal carbides (MXenes) contact to MoS 2 with vanishing SB (both n-type and p-type) [21, 15] . The SB is closely related to the interface redistribution of charge due to interfacial interactions and change with it accordingly. We have considered three types 2D MXenes Mo 2 C(OH) 2 , Mo 2 CF 2 , MO 2 CO 2 whose work function located at three different level (W M <EA, EA<W M <IE, IE<W M , where W M is metal work function, EA is MoS 2 electron affinity, and IE is MoS 2 ionization energy), when adsorb MoS 2 on them, different charge redistributions are found due to different mechanisms. Simultaneously, heterojunctions with 3D metal substrates have been studied, push back effect and metal induced gap states (MIGS) dominates the interaction at the M-S interface. Finally, we discuss the interfacial interaction between semiconductor layers and found that the charge distribution at S-S interface is closely related to the work function and dimension of substrates. The charge distribution at S-S interface determined the band alignment of the second layer MoS 2 relative to the first one which will further generate a type-II band alignment between these two MoS 2 layers. Therefore, a comprehensive theory of interfacial interaction of metal-semiconductor and semiconductor-semiconductor is concluded based on metal-multilayer MoS 2 .
Methods
First-principles calculations are carried out using DFT as implemented in the Vienna Ab initio Simulation Package (VASP) with periodic boundary conditions [22] [23] [24] . The projected augmented wave (PAW) [25] was adopted to describe the ion-electron interaction. All the calculations were carried out using SCAN+rVV10 (the SCAN meta-GGA density functional with the rVV10 vdW correction) [26, 27] which offered a good performance for layered materials compared with experimental results [28] . The cut-off kinetic energy for plane waves was set to 500 eV. The atomic positions were fully relaxed until the force on each atom was less than 0.01 eV Å −1 , and the energy convergence value between two consecutive steps was chosen as 10 -4 eV. The Brillouin zone (BZ) was sampled in the Monkhorst-Pack scheme with a k-point grid spacing of 0.01 Å −1 . A vacuum region of 15 Å is added to minimize the interaction between adjacent slabs and a dipole correction is applied to avoid spurious interactions between periodic images of the slab [29] .
Results and discussion
In Schottky-Mott limit, the SBH is obtained by band alignment of the non-interacting subsystems:
where B e and B h are the SBH for electrons (n-type) and holes (p-type), M is the work function of the metal, and are the electron affinity and ionization potential of the semiconductor, respectively.
-=band gap. These quantities are the intrinsic properties of isolated materials before they form the junction. In this case, is linearly dependent on the M of metals and change in the same amounts as the M does. In many cases, however, even for weakly interacting systems, the Schottky-Mott limit is not obeyed; the experimentally determined hole and electron injection barriers are different from those calculated using Formula 1. The origin of these differences can be attributed to the existence of an additional interface dipole ∆, which finally improves the SBH to: 
where is the distance from the electrode surface, A is the interface area, 0 is the dielectric constant of MoS 2 .
In DFT calculation, ∆ in this formula is defined as difference between the asymptotic values of the potential left and right of the interface, a simple alternative expression is illustrated as:
where W M , W M/S are the work functions of the clean metal surface, and of the metal surface covered by MoS 2 , respectively (see Figure S1 ). The optimized lattice constant of monolayer (ML) MoS 2 is 3.16 Å from the SCAN + rvv10 function, which agrees with theoretical results in literatures [26] . The calculated in-plane lattice constants of metals and the supercell matched metal-MoS 2 are shown in Table S . The EA and IE of monolayer and bilayer MoS 2 are shown in Figure 1 , the EA is 4.32 eV and almost unchanged while IE decrease obviously (from 6.20 eV to 5.88 eV) when the layer number increased from 1 to 2. We align metal into two lines, metals in right line belong to 2D MXenes Mo 2 CT 2 (T=OH, F, O) whose geometry structures are shown correspondingly. The work function of MXenes is determined by functional groups which produced the effect of surface dipoles [30] : O termination has the largest work function (7.79 eV), OH has the smallest one (2.12 eV), whereas F exhibits a work function of 4.81 eV which locate between energy of EA and IE of MoS 2 .
In the junction formed between these metals and MoS 2 , the equilibrium interface distances (D), defined as the average out-of-plane distance between the S atoms at the bottom of MoS 2 and atoms at the surface of metals, are belong to distances of vdW interactions for 2D MXenes, and stronger than pure vdW fore for 3D metal, which is further evidenced binding energies. Here, the binding energy (E b ) between metals and the 1L MoS 2 is defined as Figure S2a ). In Figure 2b , on the contrary, electrons transferred from MoS 2 to the 2D metal Mo 2 CO 2 with Bader charge result that MoS 2 lose 0.34 electrons, for Mo 2 CO 2 work function is larger than IE. Similarly, this charge transfer also creates a dipole at the interface which is positive based on Formula 5 and reduces the vacuum level until equilibrium is reached. Therefore, a p-type vanishing SBH is obtained (see Figure 3b and Figure S2b ). We have discussed the interfacial mechanism of charge redistribution at the M-S interface including push back effect, charge transfer, covalent-like quasi-bonding, and MIGS, which will eventually lead to the formation of interface couple Δ, as shown in Formula 4. The interface couple Δ modifies SBH from the Schottky -Mott limit (Formula 1) to Formula 2; therefore we can presume SBH in metal -1L MoS 2 heterojunctions. For 2D metal substrates, when metal work function is smaller than the EA or is larger than IE of MoS 2 (Mo 2 C(OH) 2 or Mo 2 CO 2 ), the Fermi level of metal -1L MoS 2 heterojunctions are pinned at CBM or VBM of MoS 2 which means 0 n-type or p-type SBH; when the work function of the substrate is larger than the EA, but smaller than the IE, there is no charge transfer across the interface, no dipole formation, and the vacuum levels of the Mo 2 CF 2 and MoS 2 remain aligned, which is called Schottky-Mott limit, where the SBH can be calculated by Formula 1. The 3D metal substrates and MoS 2 have a very complex interaction which leads to an unpredictable SBH. Both push back effect and MIGS play major role in forming SBH, which creates a positive dipole at the interface for the common used 3D metal substrates (like Ag, Au, Cu, Pt, the work function of which is located between EA and IE of 1L MoS 2 ). The projected band structures of the MoS 2 supported on 2D metals Mo 2 CT 2 and 3D metal Ag, Pt are shown in Figure S2 and S4, where SBHs are also labeled. From Table II We have discussed the charge distribution at M-S interface, and found that various charge distributions will appear based on different metal substrates which ultimately affect the formation of SBH. Here, S-S interfaces are focused as shown in Figure 5 since the charge distribution at the S-S interface will give rise to band offset between the two layers of MoS 2 . Before that, we have compare the charge distribution at M-S interface in metal-2L MoS 2 junction ( Figure 5 ) and in metal-1L MoS 2 junction (Figure 2) , and found that the charge distribution is almost identical between these two M-S interfaces.
The charge transfer condition between Mo 2 C(OH) 2 (or Mo 2 CO 2 ) and 2L MoS 2 is similar to that between Mo 2 C(OH) 2 (or Mo 2 CO 2 ) and 1L MoS 2 since the band alignments between them are same (the work function of Mo 2 C(OH) 2 is smaller than EA of 2L MoS 2 ,while the work function of Mo 2 CO 2 is larger than IE of 2L MoS 2 ). Acting as a continuation of the M-S interface, the charge transfer at S-S interfaces in these two junctions is same as that at M-S interfaces correspondingly, with the amount decreased considerably. In Mo 2 C(OH) 2 -2L MoS 2 shown in Figure 5a For S-S interface in 3D metal Pt-2L MoS 2 junction, a different mechanism appears relative to 2D metal-2L MoS 2 junction, which cause an opposite charge distribution at S-S interface from that at M-S interface as shown in Figure 5d and 6d. As discussed, MIGS appears in 1 st MoS 2 , this also means partial metallization in 1 st MoS 2 . Metal screening effect occurs inside the 1 st MoS 2 layer and hence it can screen the dipole at the metal-MoS 2 interface, which is indicated by the arrow in Figure   5d [depinning]. Originated from the screening effect inside1 st MoS 2 layer, at S-S interface, the electrons deplete at the left side and accumulate at the right side. Similarly, electrons also shift the energy band of 2 nd layer MoS 2 to the vacuum level, which lead SBH turn from n-type to p-type, shown in Figure 6d .
Conclusions
In 
